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Abstract
The one loop effects of two dimension-six operators on gauge boson self energies are
computed within an effective field theory framework. These self energies are translated
into effects on precision electroweak observables, and bounds are obtained on the op-
erator coefficients. The effective field theory framework allows for the divergences that
arise in the loop calculations to be properly handled, and for unambiguous bounds on
the coefficients to be obtained. We find that the coefficients are only weakly bounded,
in contrast to previous calculations that obtained much stronger bounds. We argue
that the results of these previous calculations are specious.
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In addition to searching for direct evidence of new physics, data can be probed for the
indirect effects of new heavy particles. The most general, model-independent framework for
considering the indirect effects of new physics is effective field theory [1]. The new physics
is parameterized by effective operators not present in the Standard Model. The power of
effective field theory is particularly on display when dealing with one-loop calculations. The
effective field theory framework provides a systematic means to deal with the divergences
that arise in loop calculations, yielding a finite and unambiguous result.
In this paper, we continue an analysis begun in Refs. [2, 3, 4] on the loop-level effects
of effective operators on precision electroweak observables. Those papers focused on the
divergent portions of the loop diagrams and a subset of the finite parts, and did not appreciate
that unambiguous bounds could be obtained on the coefficients of the effective operators.
We use the full (finite plus divergent) expressions in order to obtain unambiguous bounds
on a particular pair of effective operator coefficients. These calculations involve only weak
boson self energies, also called oblique corrections. Methods for organizing and applying such
corrections to observables are well known [5, 6] and will be used throughout the analysis.
Because we are dealing with loops of gauge or Higgs bosons, which are not significantly
heavier than the W mass, the S, T , U , parametrization of Ref. [6] may not be accurate.
This is in contrast to an analysis of top-quark loops in which the S, T , U , parameters are
useful due to the large mass of the top quark [7]. Here we instead use the “star” formalism
of Ref. [5], as in Ref. [8] which involves both top and bottom loops.
When used to extend the Standard Model, a general effective field theory can be written
in the form
Leff = LSM +
∑
i
ci
Λ2
Oi + . . . (1)
where the ci are dimensionless coefficients, Λ is the energy scale of new physics, and the Oi
are effective operators with mass dimension six. We have not included a dimension-five term
in the above expression because there is only one such operator, and it does not involve weak
bosons [9].
In the basis of Ref. [4], there are nine dimension-six operators involving only weak bosons
and/or Higgs doublets that affect precision electroweak measurements at tree or one-loop
level. Four of these operators affect weak boson self energies at tree level. Of the remaining
five, three affect triple gauge couplings and can be bounded at tree level from weak boson pair
production at high-energy colliders. This paper will focus on the remaining two operators,
OWW = φ†Wˆ µνWˆµνφ
OBB = φ†BˆµνBˆµνφ
(2)
where Bˆµν =
ig′
2
Bµν , Wˆµν = ig
σa
2
W aµν (σ
a are the Pauli matrices), and φ is the Standard
Model Higgs doublet.
The above two operators affect precision electroweak observables only through oblique
corrections. When the Higgs field takes its vacuum expectation value, both operators appear
to affect the weak boson self energies at tree level; however, because the operators have
the same form as the Standard Model gauge kinetic terms, all corrections generated by
these operators that involve only gauge bosons can be absorbed into the Standard Model
through field and coupling redefinitions. Thus, the only observable corrections from these
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Figure 1: Loop-level contributions of the operators OWW and OBB. Wavy lines represent
gauge bosons, dashed lines represent Higgs or Goldstone bosons, dotted lines represent ghost
fields, and the black dots represent effective operator interactions.
operators arise from effective interactions involving gauge bosons and at least one Higgs
boson or Goldstone boson. For this reason, these operators cannot be bounded from processes
involving only vector bosons.
Explicitly, the new interactions generated by the operatorsOWW andOBB that contribute
at the one-loop level are
Leff = LSM − cWW
Λ2
g2
8
(
2W+µνW
−µν + c2ZµνZµν + s2AµνAµν + 2scAµνZµν
)
(3)
× (2φ+φ− + 2vH +HH + φ0φ0)
− cBB
Λ2
g′2
8
(
s2ZµνZ
µν + c2AµνA
µν − 2scAµνZµν
)
× (2φ+φ− + 2vH +HH + φ0φ0)
These interactions induce several contributions to the gauge boson self energies at the one-
loop level. The general structure of the relevant diagrams appears in Figure 1, and the
explicit self energies can be found in Appendix A.
The self energies contain divergences that must be eliminated in order to arrive at mean-
ingful results. Because of the gauge-invariant structure of the effective field theory, diver-
gences arising from operators of a given dimension can always be absorbed by some other
operator of the same dimension. As shown in Ref. [4], the operator
OBW = φ†BˆµνWˆµνφ (4)
2
contributes to gauge boson self energies at tree level and is able to absorb all oblique diver-
gences arising from the operators OWW and OBB. Thus the operator OBW must be included
in our analysis. An analogous situation arises for top-quark loops [7].
Electroweak boson self energies contribute to precision electroweak data through correc-
tions to the input variables α, mZ , and s
2. The correction to α depends upon the type
of vertex; these corrections will be labeled δαγ, δαZ , or δαW , depending on the mediating
boson. The self energy between bosons X and Y is denoted ΠXY in the expressions below:
α + δαγ = α
(
1 + Π′γγ(q
2)− Π′γγ(0)
)
(5)
α + δαZ = α
(
1 + Π′γγ(q
2)− Π′γγ(0)
)
(6)
×
(
1 +
d
dq2
ΠZZ(m
2
Z)− Π′γγ(q2)−
c2 − s2
cs
Π′γZ(q
2)
)
α + δαW = α
(
1 + Π′γγ(q
2)− Π′γγ(0)
)
(7)
×
(
1 +
d
dq2
ΠWW (m
2
W )− Π′γγ(q2)−
c
s
Π′γZ(q
2)
)
m2Z + δm
2
Z = m
2
Z − ΠZZ(m2Z) + ΠZZ(q2)− (q2 −m2Z)
d
dq2
ΠZZ(m
2
Z) (8)
s2 + δs2 = s2
[
1− c
s
Π′γZ −
c2
c2 − s2
(
Π′γγ(0) +
1
m2W
ΠWW (0)− 1
m2Z
ΠZZ(m
2
Z)
)]
(9)
where Π′XY (q
2) = (ΠXY (q
2)−ΠXY (0))/q2. Explicit expressions for the self energies are given
in Appendix A.
The correction to any electroweak observable X measured at an energy at or above the
Z-pole is given by
δX =
δX
δα
δα +
δX
δm2Z
δm2Z +
δX
δs2
δs2 (10)
In contrast, low-energy observables are affected by corrections to s2 and by changes to the
ρ parameter
δX =
δX
δs2
δs2 +
δX
δρ
δρ . (11)
where δρ = 1
m2W
ΠWW (0)− 1m2Z ΠZZ(0) and the Standard Model value of ρ is unity.
In our calculations, we used the following values for input parameters:
α(mZ) = 1/128.91, v = 246.2 GeV, mZ = 91.1876 GeV, mh = 125 GeV (12)
mt = 172.9 GeV, mb = 4.79 GeV, mτ = 1.777 GeV .
We now apply equations (10) and (11) to the electroweak observables listed in Table 1.
In order to obtain a bound on the coefficients cWW/Λ
2 and cBB/Λ
2, we use the χ2 statistic
χ2 =
∑
i,j
χi
(
σ−1
)
ij
χj (13)
where χi =
(
X iSM −X iexp + cWWΛ2 X iWW + cBBΛ2 X iBB + cBWΛ2 X iBW
)
and σij is the error matrix,
related to the errors for each observable, σi, and the error correlation matrix, ρij,[11, 12]
σij = σiρijσj . (14)
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Notation Measurement
Z-pole ΓZ Total Z width
σhad Hadronic cross section
Rf (f = e, µ, τ, b, c) Ratios of decay rates
A0,fFB(f = e, µ, τ, b, c, s) Forward-backward asymmetries
s¯2l Hadronic charge asymmetry
Af (f = e, µ, τ, b, c, s) Polarized asymmetries
Fermion pair σf (f = q, e, µ, τ) Total cross sections for e
+e− → ff¯
production at LEP2 AfFB(f = µ, τ) Forward-backward asymmetries for e
+e− → ff¯
W mass mW W mass from LEP and Tevatron
and decay rate ΓW W width from Tevatron
DIS QW (Cs) Weak charge in Cs
and QW (T l) Weak charge in Tl
atomic parity violation QW (e) Weak charge of the electron
g2L, g
2
R νµ-nucleon scattering from NuTeV
gνeV , g
νe
A ν-e scattering from CHARM II
Table 1: Precision electroweak quantities. Data taken from [11, 12].
We calculate the bounds by first setting cBW to the value (as a function of cWW and cBB)
which minimizes χ2, cminBW . Thus we make no assumptions about cBW , but rather allow its
value to float. We then write this new χ2 in the following way
χ2
∣∣
cBW=c
min
BW
= χ2min +
(ci − cˆi)Mij(cj − cˆj)
Λ4
i, j ∈ {WW,BB} (15)
where χ2min is the value of χ
2 minimized with respect to all coefficients, cˆi is the best fit
value of the coefficient ci, and Mij is a symmetric matrix. We arrive at bounds by solving
the equation
(ci − cˆi)Mij(cj − cˆj)
Λ4
= 1 (16)
We can diagonalize Mij to find two statistically independent combinations of our two
operators and obtain a bound on those. We find(
0.999 0.0385
−0.0385 0.999
)
× 1
Λ2
(
cWW
cBB
)
=
(
129.4± 120.7 TeV−2
−482.3± 3160 TeV−2
)
(17)
The contributions of the two coefficients are essentially decoupled due to the fact that the net
effect of OWW is significantly larger than that of OBB. While both coefficients are consistent
with zero, the central value of OWW differs from zero by just over one standard deviation.
If we instead compute bounds for each coefficient separately, setting the other coefficient
to zero in each case, we obtain
cWW
Λ2
= 129.5± 120.8 TeV−2 (18)
cBB
Λ2
= 1456± 2225 TeV−2 (19)
We again see that the net effect of OWW is significantly larger than that of OBB.
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We can attempt to gain some understanding of the very different numerical impact of
these two operators by considering the oblique parameters Sˆ, Tˆ , Uˆ , Vˆ , Wˆ , Xˆ, Yˆ of Ref. [13].
These parameters are defined in terms of a Taylor expansion of the self energies about q2 = 0,
and are therefore useful if the values of q2 probed by the experiments are within the radius
of convergence of the expansion. The nearest singularities of the self energies are branch
points at (MW + mh)
2 and (MZ + mh)
2 from the first two diagrams in Fig. 1. Since all
precision electroweak data are at values of q2 less than these values, the Taylor expansion
should converge. In a sense, the Higgs boson is playing the role of the “heavy” particle in
the formalism, analogous to the role of the top quark in Ref. [7].
Analytic expressions for the oblique parameters Sˆ, Tˆ , Uˆ , Vˆ , Wˆ , Xˆ, Yˆ are given in Ap-
pendix B. We find that the coefficient cBB/Λ
2 contributes only to Sˆ, Xˆ, and Yˆ . Because Sˆ
contains a contribution at tree level from cBW/Λ
2, it cannot be used to constrain cBB/Λ
2;
we conclude that Xˆ and Yˆ must be the oblique parameters that determine the bound on
cBB/Λ
2. Unfortunately, Xˆ and Yˆ are not parametrically suppressed with respect to the
other oblique parameters, so there is no obvious reason why the bound on cBB/Λ
2 is so
much weaker than the bound on cWW/Λ
2.
This marks the first time bounds on these operators have been obtained from precision
electroweak data using the full power of the effective field theory framework. The bounds
obtained are unambiguous and independent of any assumptions about the coefficient of the
operator OBW , which was allowed to float. An analogous result for top-quark loops is given
in Refs. [7, 8].
Let us compare this calculation with the previous calculations of Refs. [2, 4, 10]. As men-
tioned above, these papers did not appreciate that unambiguous bounds could be obtained
on the operators from a one-loop analysis of precision electroweak data. In Ref. [4, 10], only
the divergent portion of the one-loop diagrams, and a subset of the finite parts (those that
are proportional to lnmh or m
2
h), were calculated. A bound on the coefficients of OWW and
OBB was obtained by assuming that the coefficient of the operator OBW vanishes. This is
an unjustified assumption, because the coefficient of the operator OBW is renormalized by
OWW and OBB. Explicitly, in the MS scheme,
cBW (µ) = c
0
BW −
g2(µ)
16pi2
(
cWW +
s2
c2
cBB
)(
1

− γ + ln 4pi
)
(20)
where cBW (µ) is the renormalized coefficient and c
0
BW is the bare coefficient. There is no
reason why the renormalized coefficient should vanish. Making this unjustified assumption
allows one to extract much stronger bounds on cWW and cBB, but these stronger bounds
are specious. In contrast, our bounds are obtained by letting cBW (µ) float. The resulting
bounds on cWW and cBB are unambiguous and do not depend on the renormalization scale
µ.
The bounds we obtained on the coefficients of the operators OWW and OBB at one
loop from precision electroweak data are so weak that they are easily eclipsed by bounds
obtained by tree-level processes involving the Higgs boson [14, 15, 16, 17, 18, 19]. Thus we
have shown that, when done properly, the bounds on operators obtained from a one-loop
analysis of precision electroweak data cannot compete with bounds obtained from tree-level
processes, as one would naturally suspect.
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A Self Energies
The expressions below are given in terms of scalar integral functions, A0 and B0. Expressions
for these functions are given in Appendix D of Ref. [20].
OBB:
ΠWW =
cBB
Λ2
1
16pi2
g2m4Z sin
4 θW
m2h
(
2m2Z − 3A0
(
m2Z
))
ΠZZ =
cBB
Λ2
1
16pi2
g2 sin4 θW
m2h cos
2 θW
[
2m2hm
2
Z
(
q2 −m2h +m2Z
)
B0
(
q2,m2h,m
2
Z
)
−m2Z
(
3q2 + 2m2h + 3m
2
Z
)
A0
(
m2Z
)
+m2h
(
2m2Z − q2
)
A0
(
m2h
)
−6m2W q2A0
(
m2W
)
+ 4m4W q
2 + 2m4Zq
2 + 2m6Z
]
Πγγ = −cBB
Λ2
1
16pi2
g2q2 sin2 θW
m2h
[
m2hA0
(
m2h
)
+ 3m2ZA0
(
m2Z
)
+6m2WA0
(
m2W
)− 4m4W − 2m4Z]
ΠγZ =
cBB
Λ2
1
16pi2
g2 sin3 θW
m2h cos θW
[
m2hm
2
Z
(
m2h −m2Z − q2
)
B0
(
q2,m2h,m
2
Z
)
+m2Z
(
m2h + 3q
2
)
A0
(
m2Z
)−m2h (m2Z − q2)A0 (m2h)
+6m2W q
2A0
(
m2W
)− 4m4W q2 − 2m4Zq2]
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OWW :
ΠWW =
cWW
Λ2
1
16pi2
g2
m2h
[
2m2hm
2
W
(
q2 −m2h +m2W
)
B0
(
q2,m2h,m
2
W
)
− 2m2W
(
3q2 +m2h + 3m
2
W
)
A0
(
m2W
)
+m2h
(
2m2W − q2
)
A0
(
m2h
)
−3 (m4W +m2Zq2)A0 (m2Z)+ 4m4W q2 + 2m4Zq2 + 4m6W + 2m4Wm2Z]
ΠZZ =
cWW
Λ2
1
16pi2
g2 cos2 θW
m2h
[
2m2hm
2
Z
(
q2 −m2h +m2Z
)
B0
(
q2,m2h,m
2
Z
)
−m2Z
(
3q2 + 2m2h + 3m
2
Z
)
A0
(
m2Z
)
+m2h
(
2m2Z − q2
)
A0
(
m2h
)
−6 (m4Z +m2W q2)A0 (m2W )+ 4m4W q2 + 2m4Zq2 + 4m2Wm4Z + 2m6Z]
Πγγ = −cWW
Λ2
1
16pi2
g2q2 sin2 θW
m2h
[
m2hA0
(
m2h
)
+ 3m2ZA0
(
m2Z
)
+6m2WA0
(
m2W
)− 4m4W − 2m4Z]
ΠγZ = −cWW
Λ2
1
16pi2
g2 sin θW cos θW
m2h
[
m2hm
2
Z
(
m2h −m2Z − q2
)
B0
(
q2,m2h,m
2
Z
)
+m2Z
(
m2h + 3q
2
)
A0
(
m2Z
)−m2h (m2Z − q2)A0 (m2h)
+6m2W q
2A0
(
m2W
)− 4m4W q2 − 2m4Zq2]
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B Oblique Parameters
Sˆ = −cBW (µ)
Λ2
m2W +
g2m2W
32pi2(m2h −m2Z)2
(
cWW
Λ2
+
s2
c2
cBB
Λ2
)
(21)
×
(
−2m2h(m2h − 2m2Z) ln
(
m2h
µ2
)
− 2m4Z ln
(
m2Z
µ2
)
+ (m2h − 3m2Z)(m2h −m2Z)
)
Tˆ = 0 (22)
Uˆ =
g2m2Wm
2
Z
8pi2(m2h −m2Z)2(m2h −m2W )2
cWW
Λ2
(
−m2hm2Zs2
(
m2h(s
2 − 2) + 2m2W
)
ln
(
m2h
µ2
)
(23)
−m2Z(m2h −m2W )2 ln
(
m2Z
µ2
)
+m2W c
2(m2h −m2Z)2 ln
(
m2W
µ2
)
−m2hs2(m2h −m2Z)(m2h −m2W )
)
Vˆ =
g2m4Wm
2
Z
24pi2(m2h −m2Z)4(m2h −m2W )4
cWW
Λ2
(
−6m2hm2W c2(m2h −m2Z)4 ln
(
m2W
m2h
)
(24)
+6m2hm
2
Z(m
2
h −m2W )4 ln
(
m2Z
m2h
)
+s2(m2h −m2Z)(m2h −m2W )(2m8h + 5m6h(m2Z +m2W )−m4h(m4W + 22m2Wm2Z +m4Z)
+5m2hm
2
Wm
2
Z(m
2
W +m
2
Z) + 2m
4
Wm
4
Z)
)
Wˆ =
g2m4W
24pi2(m2h −m2Z)4
cWW
Λ2
(
6m2hm
4
Z ln
(
m2Z
m2h
)
− (m2h −m2Z)(m4h − 5m2hm2Z − 2m4Z)
)
(25)
Xˆ =
g2m4W
48pi2(m2h −m2Z)4
s
c
(
cWW
Λ2
+
s2
c2
cBB
Λ2
)
(26)
×
(
−6m2hm4Z ln
(
m2Z
m2h
)
+ (m2h −m2Z)(m4h − 5m2hm2Z − 2m4Z)
)
Yˆ =
g2m2Zs
2
24pi2(m2h −m2Z)4
cBB
Λ2
(
6m2hm
6
Zs
2 ln
(
m2Z
m2h
)
−m2Zs2(m2h −m2Z)(m4h − 5m2hm2Z − 2m4Z)
)
(27)
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Large mh limit:
Sˆ = −cBW (µ)
Λ2
m2W +
g2m2W
32pi2
(
cWW
Λ2
+
s2
c2
cBB
Λ2
)(
1− 2 ln
(
m2h
µ2
))
(28)
Uˆ = −g
2s2m2Wm
2
Z
8pi2m2h
cWW
Λ2
(29)
Vˆ =
g2s2m4Wm
2
Z
12pi2m4h
cWW
Λ2
(30)
Wˆ = − g
2m4W
24pi2m2h
cWW
Λ2
(31)
Xˆ =
g2m4W
48pi2m2h
s
c
(
cWW
Λ2
+
s2
c2
cBB
Λ2
)
(32)
Yˆ = − g
2s4m4Z
24pi2m2h
cBB
Λ2
(33)
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